Abstract-Low-power continuous wave "cooker" magnetrons driven from industrial-quality switch-mode power supplies have been frequency locked by driving them as current-controlled oscillators in a phase-lock loop (PLL). The noise performance of these frequency-locked oscillators is reported as a function of heater power.
Noise Performance of Frequency-and Phase-Locked CW Magnetrons Operated as Current-Controlled Oscillators signal [4] - [7] . The injection power required to achieve locking increases with the square of the frequency difference between the injection signal and the natural frequency of the oscillator. Temperature changes and power supply ripple make the bandwidth of a free running magnetron too large for locking with an injection signal to be economic as compared to using an amplifier to generate a phase-locked signal. If a magnetron is to be phase locked with a very low-power injection signal it is necessary to control its natural frequency of operation. Nominally, there are four ways by which the natural frequency of a magnetron can be varied and tuned. The first is with tuning stubs in the anode cavities, the second is by varying the reflected power back to the magnetron (pulling), the third is by varying the current through the magnetron (pushing) and the fourth is by varying the magnetic field.
Of these tuning methods, the most rapid is by exploiting the pushing effect. In this paper the pushing characteristic is utilized in a rapid control loop to lock the frequency. The pulling characteristic is then used to manually tune the magnetron to the required power output. With the frequency constrained to a small bandwidth, a small reference signal injected into the output waveguide can then be used to lock the magnetron phase.
II. MAGNETRON PUSHING CHARACTERISTIC
When the dc voltage applied to a magnetron is increased from zero and before the magnetron starts to deliver power, a subsynchronous charge layer develops around the cathode [8] . When a pi-mode electromagnetic oscillation starts to build in the slow wave structure, waves develop on this charged layer. The crests of the waves become synchronous with the electromagnetic wave so that the crests are adjacent to the positively charged vanes at phases when the fields across the gaps between the vanes are at a maximum. As the height of the waves increases, the effective capacitance between the anode and the cathode increases and the natural frequency of the magnetron decreases [9] .
As the waves grow they develop into the familiar magnetron spokes. When they reach the anode, the current path between cathode and anode is complete. Current must of course flow between the cathode and the anode for the tube to deliver power. At the operating point when the magnetron starts to deliver power and at the phase (instant) of maximum field across the gaps, the spokes are adjacent to the positively charged vanes. At this position the RF field is perpendicular to the orbital velocity of the electrons and hence very little power is transferred to the RF 0018-9383/$20.00 © 2005 IEEE field. From this operating point, as the cathode voltage is made more negative, the spokes accelerate as a consequence of the crossed static magnetic field. The spokes move to an advanced position, i.e., at the phase of maximum field across the gaps, the spokes are advanced with respect to the positively charged vanes (and closer to the negatively charged vanes). In this position the electrons in the spokes see a de-accelerating circumferential RF field and hence deliver power to the RF field.
The crossed RF field with the static magnetic field causes the electrons to drift closer to the anode as required by energy conservation. As the power output from the tube increases, the spokes move further in advance of the positively charged vanes at the phase of maximum retarding field. This movement away from the vanes decreases the effective capacitance between the anode and the cathode. The effect of this is that the frequency of the magnetron output increases. This is the pushing effect. It should be noted that the frequency of the RF output from the tube depends on electric oscillations of the loaded slow wave structure and not the angular speed of the charged spokes.
There is a small time delay between the application of the increased voltage and the spokes settling to their new position. The frequency of the loaded slow wave structure is tied to the position of spokes. The current through the spoke is determined by its position and the RF field. Consequently the frequency is instantaneously related to the current rather than the applied voltage.
The frequency of the slow wave structure also has a strong dependence on its temperature. As the current increases the anode block collects more energetic electrons, it gains temperature and expands. For many CW magnetrons the frequency shift associated with temperature variation is of the same order of magnitude as the change due to the pushing effect. For a dynamical analysis of the magnetron it is a reasonable approximation to write (1) where is the instantaneous frequency, is the instantaneous current in the external circuit, is the anode block temperature and gives the functional dependence. A more precise analysis would include separate temperatures for the anode block and the anode vanes.
Normally pushing curves are given without reference to the temperature hence different results are obtained if different cooling regimes are used. The frequency control loop for this work needs to act faster than thermal changes hence it is the constant temperature pushing curves that are relevant here.
Once a magnetron has been frequency locked it is straightforward to record current against temperature for constant frequency. It is then possible to construct pushing curves for constant temperature. When a magnetron is operated at constant current rather than being frequency locked, the frequency span is so large that it can be difficult to accurately measure the frequency shift as the magnetron anode heats up. Fig. 1 gives pushing curves for the Panasonic Magnetron 2M137 1.2 kW driven from a dc supply with the heater power optimized for low noise. Here, the temperature has been measured on the outer body of the anode. At 300 mA, the variation in frequency between 50 C and 90 C is about 2 MHz. The expected variation of frequency associated with thermal expansion of the anode is given approximately as the expansivity of the copper anode, times the temperature rise, times the frequency which gives 1.6 MHz for a temperature rise from 50 C to 90 C.
III. PLL CIRCUIT
Phase locking has been demonstrated using Panasonic and National Magnetrons 2M137, 2M107, NL10254. Frequency control and phase locking was achieved through the control loop sketched in Fig. 2 To study PLL frequency control independently of injection locking, the injection amplifier is turned off.
The challenge for frequency and phase locking is to achieve and maintain locking for indefinite periods of time in the presence of power supply fluctuations and thermal drift. To demonstrate this the chosen power source was a switched mode power supply with minimal filtering of the dc input. Standard operation for a switched mode power supply would be to vary the pulsewidth so as to maintain either constant current or constant power. In our implementation, the pulsewidth is varied to control for constant frequency. Phase frequency detection was implemented with a low-cost ADF4113 ic. The output of this chip is a series of current pulses whose length is proportional to the phase difference. The measured phase difference can be up to where is the division ratio of the input signal. The division ratio for the 10 MHz reference signal was set as 50 for most of the work thereby permitting frequency adjustments in steps of 200 kHz. The division ratio is then determined as the required magnetron frequency divided by 200 kHz.
The loop filter acts as a proportional/integral controller and hence determines how the switch mode power supply's output varies in response to a phase error. An offset was added to the output of the loop filter so that on power up and before the phase detector receives an input, the switched mode power supply generates a small anode current sufficient for the magnetron to start (70-80 mA at 4300-3900 V dependent on filament heater power).
The absolute reference was provided by a 1 ppm, 10 MHz temperature compensated, crystal oscillator. The chosen frequency of operation is programmed by the microcontroller that sets division ratios for the frequency dividers in the two ADF4113 ics. A double-balanced mixer is used to give independent phase measurements at the microwave frequency.
Controllers used were first-order and second-order type II passive filters. Their transfer functions were optimized by standard techniques [10] . The dc input for the switched mode power supply was derived from rectified mains with minimal filtering of the ripple as would be appropriate for a low cost industrial supply. Effectiveness of the PLL can be demonstrated by its ability to vary the pulsewidth of the chopper on the switched mode power supply to maintain a relatively constant output current and voltage with evidence of the 100-Hz ripple greatly reduced. Small modulations of the current and voltage give the precise frequency control.
IV. NOISE PERFORMANCE Fig. 3 shows the output spectrum of the 2M137 magnetron at a power level of 1 kW and with a relatively high heater power as might be set for a typical heating application without PLL frequency control or injection locking. The power supply was operated with constant pulsewidth on the modulator rather than constant current hence the spectrum includes effects associated with mains ripple. The spectrum is much broader than one would predict from the pushing curves together with the observed anode current ripple. The noise performance depends strongly on the heater power relative to the power output. As the heater power is reduced the broad band spectrum narrows until at low heater powers the spectrum is composed of a number of well defined bands. This is illustrated in Figs. 4-6. In the figures, RBW stands for the resolution bandwidth of the spectrum analyzer. This was set to 200 kHz for Figs. 3-5 and 20 kHz for Fig. 6 . Fig. 6 suggests that the magnetron jumps between discrete frequencies following the natural frequency that shifts with the 100 Hz ripple. Individual spectral peaks have bandwidths of the order of or less than 50 -100 kHz. Were the magnetron to be run at this operating point from a constant current power supply with zero ripple and after the magnetron's temperature has stabilized, one would see a single peak.
For the magnetron operating with 68 W of heater power the anode voltage was 3900 V, the anode current 0.293 mA and the efficiency (RF power out divided by dc power plus heater power in was 62%). For the magnetron operating with 8.5 W of heater power the anode voltage was 4080 V, the anode current 0.289 mA and the efficiency (RF power out divided by dc power plus heater power in was 60%).
In order to achieve PLL frequency control, it is necessary to reduce the noise and frequency spread below the levels associated with Fig. 3 . For the 2M137 magnetron, locking becomes possible as the heater power drops to about 40 Watts, which is the heater level associated with Fig. 4 . Fig. 7 shows spectral performance when PLL control is applied at this point. Fig. 8(a) and (b) shows the spectrum of a PLL frequency controlled magnetron with a further reduced heater power of 17 W, but plotted on different spans. The 3-dB bandwidth is about 50 kHz. The phase here is not locked and this is confirmed by double balanced mixer measurements. With PLL frequency control and when the heater power is reduced to zero the magnetron has a tendency to cut out after several minutes of operation. Fig. 9 shows return currents from the magnetron anode for three different operating conditions including that of Fig. 8 plotted as a percentages along side the percentage 100-Hz ripple on the 325-V dc input to the power supply chopper.
The mains ripple is an asymmetric triangular wave by virtue of our 50-Hz mains power supply having flattened sinusoidal peaks. The largest waveform in the figure is the anode current ripple when the PLL is not activated and current pulses from the chopper have constant width. This is the full current ripple associated with the 325-V dc input. Were the magnetron to be phase locked as a current controlled oscillator, one would expect a very smooth anode current. When the PLL is activated, the actual anode current still shows a significant residual level of 100-Hz ripple (introduced by the dc input).
The heater is driven by a 50-Hz ac supply and consequently when heater power is applied evidence of 50-Hz ripple appears. The PLL now works to reduce this ripple along with the 100-Hz ripple. The anode current also has a small level of 40-kHz ripple that the control loop is unable to follow. The magnitude of this ripple on the anode current was difficult to measure directly because the power supply was inducing significant voltages on the ground plane. Spectrum analyzer measurements for the locked magnetron indicated that the level of 40-kHz ripple was in the range to dB below the dc level.
V. MODEL FOR PLL PERFORMANCE
Defining the phase error at the comparison frequency on the phase frequency detector of the ADF4113 as then (2) where is the angular frequency of the 10 MHz reference, is the division ratio for the reference, is the phase of the signal from the magnetron and is the division ratio for the magnetron signal.
The output of the charge pump is given as (3) where (determined by the ADF4113 ic). To obtain a simple second-order model for the system it is easiest to neglect the capacitance to ground on the charge pump whose optimum value is typically 5% -10% of the capacitance in the RC filter. This means that the control voltage after the loop filter is given as (4) where is the resistance and the capacitance of the RC loop filter and is an offset voltage needed for start up. The power supply can be regarded as a current source with a large internal resistance that adds ripple in proportion to the control voltage hence (5) where is the power supply current to the magnetron, is the fractional ripple and is determined by the power supply, its control circuitry and its buffer amplifier. The value of could be adjusted in the . For any small current range the pushing curve of Fig. 1 can be approximated as (6) where is the angular frequency of the magnetron. The coefficients and take the values and respectively when . From (2) -(6) one obtains an equation for as (7) If, after a period of time, tends to a constant value , taking this period to be the time before and taking to be the control voltage at , then it follows that for (8) When (2) and (6) give (9) so that is constant in time.
Substituting (8) and (9) in (7) gives (10) If is small (10) can be written (11) where is a linear ramp as it would be for a triangular ripple then and the terms increasing linearly with must balance hence (12) In this equation, the choice ratio is not free and hence cannot be chosen to make the offset error small. For the control loop to work with the 40-kHz switched mode power supply, the current needs to be adjusted at least several times as swings from zero to a peak value.
The control loop defined by (7) has two natural periods, the under damped period (13) and the over damped period (14) both of which need to be less about than 1/16 of the 40 kHz chopper frequency, i.e., less than 2.5 kHz. This condition in (13) implies that for one must have nF. In practice once had been chosen was adjusted to give the best phase jitter performance. Frequency locking was easily achieved for a range of values of at and above 8 nF.
Using the minimum , the phase error predicted by (12) for a 5% mains ripple at 100 Hz becomes 1.56 rad. This is the phase error at the PLL phase detector frequency of 200 kHz. This translates to a phase error of 1.9 radians at the reference frequency close to 2.45 GHz. It is apparent therefore that phase locking cannot be achieved with this level of mains ripple by the method described. Experimentally, the measured phase error for PLL control for our system was never less than radians.
VI. INJECTION LOCKING AND PLL FREQUENCY CONTROL
By introducing a locking signal into the output waveguide of the magnetron, whose frequency is already controlled by the PLL (phase measured at 200 kHz), it is possible to get phase locking of the magnetron to that of the reference (phase measured at 2.45 GHz) with very small power levels whilst subject to approximately dB of 100 Hz and dB of 40 kHz power supply ripple.
Injection locking of a magnetron can be understood by the following sequence of events. If a small injection signal, at the same frequency as the magnetron frequency, but at an earlier phase, is introduced into the output cavities of the magnetron, then it adds to the oscillation already there, bringing the overall phase forward by an amount very much less than the phase difference between the signal and magnetron.
The magnetron spokes see the RF field at an earlier relative position and hence, refocus to this earlier position. As the spokes have moved backward so that the negatively charged spokes are closer to the positively charged vanes at the instant of maximum retarding field, the effective capacitance has increased. By the same mechanism for the pushing effect, this increase in capacitance causes the frequency to decrease.
With the magnetron now oscillating at a very slightly lower frequency, the phase of reference can catch up. A similar argument follows for the case when the reference starts in advance of the magnetron phase.
The dynamics of the injection locking process are difficult to model in a simple way. Our experimental results will show that the dc power supply ripple gives a small phase offset, but unlike the offset predicted for frequency locking by varying the anode current, the injection locked offset is proportional to this ripple.
VII. EXPERIMENTAL RESULTS FOR INJECTION LOCKING
The injection locking signal was derived from the 10-MHz reference by using a second ADF4113 ic to drive a z-comm voltage-controlled oscillator (VCO) V800ME11 at 2.45 GHz as shown in Fig. 2 . Careful design is needed to ensure that the signal from the magnetron does not get to the control input of the VCO via the 10 MHz reference. It is essential that the quality of the 2.45-GHz reference signal be monitored while the magnetron is energized to be sure that measurements from the double balanced mixer are meaningful. Fig. 10 shows the spectrum for the magnetron, injection locked with a signal of 100 mW over a span of 100 kHz.
Spectra plotted for injection levels of between 1 W and 50 mW on the same span are almost identical. The dB peaks at kHz and 43.5 kHz are associated with ripple from the power supply chopper. If the injection level is reduced to 20 mW the noise floor rises to dBm across the 100-kHz bandwidth shown in the figures Fig. 11 . Magnetron spectrum with 500-mW injection signal, PLL frequency control, and zero heater power. Figs. 11 and 12 show the spectrum for the PLL + injection locked magnetron with injection signal levels of 500, and 50 mW, respectively, and over a span of 2 kHz. At the injection level of 50 mW, the 100-Hz side bands are only 10 dB below the center. Fig. 13 gives the spectrum for the injection signal measured while the magnetron was energized. The injection signal shows the 100-Hz ripple that exists on the magnetron spectrum but reduced to a level of dBm. The presence of this ripple occurs as a result of pick-up on the VCO input. The pin on the ADF4113 carrying the feedback from the magnetron is physically very close to the pin going to the 10 MHz TCXO oscillator. This pin is also connected to the second ADF4113 that controls VCO providing the injection signal.
Using a Tektronics TDS6804B 8 GHz bandwidth, 20-GHz sampling rate digital storage oscilloscope, it has been possible to record waveforms corresponding to the injection locked magnetron spectra alongside the waveform for the reference. The lower traces in Figs. 14-16 give the magnetron waveforms corresponding to injection levels of 500, 100, and 50 mW, respectively.
The upper waveform in each case is the reference signal. The data has been recorded with a persistence of 50 ms so that the figures give a sample of waveforms captured over this period. Input noise causes variation in the trigger point and hence the apparent frequency jitter on the injection signal is much larger than one would infer from spectrum of Fig. 13 . 14-16 represent a phase angle of 22.5 . It is apparent that measured reference signal starts with a phase variation close 22 . The measured phase variation for the 500-mW injection signal is double this value at about 45 . It is likely therefore that the locking performance at this injection level . Fig. 17 shows the output from the double balanced mixer for the 100-mW injection level plotted against the ripple on the anode return current from the magnetron. Zero to phase shift corresponds to 13 V on channel 2 which means that variation of 5 V in the figure corresponds to
The phase shift follows the anode current ripple. This phase measurement is consistent with the oscilloscope measurement of Fig. 15 . Mixer measurements of injection levels of 1 W, 500 mW, and 50 mW gave similar waveforms to Fig. 15 but with phase variations of , and respectively. The anode current shown on channel 1 in Fig. 17 is identical to the anode current of the unlocked system being supplied at constant pulsewidth from the switched mode power supply chopper, see Fig. 9 .
It is apparent that the phase error under injection locking follows the mains ripple. This implies that a simple dynamical model describing magnetron injection locking would give a first order control loop. This is exactly the case for Adler's treatment of an injection locked oscillator. He gave the relationship where is the phase error, relates to the oscillator, is the natural frequency of the oscillator, is the difference between the natural frequency and the injection frequency, is the injected voltage on the grid and is the input to the grid. For our phase-locked magnetron, the phase error following the mains ripple is consistent with a model of this type where would relate to the electric field in the magnetron's cavities and relates to the injected field. When the magnetron is injection locked the anode current ripple is much larger than when the magnetron just has PLL frequency control. Injection locking makes the phase error much smaller and hence the PLL loop gain becomes too small for the mains ripple to be removed by its action.
VIII. CONCLUSION
This paper paves the way for the development of high-power microwave supplies for industrial processing by combining power from a number of smaller units. Scalable power supplies allow smaller tubes to be mass-produced at low cost. It has been shown that most of the phase error for the injection locked magnetron follows the mains ripple. Where several magnetrons are to be driven from the same mains supply, they would be subject to the same mains ripple and hence the relative phase differences would be much less than the absolute phase differences to the reference.
The investigation here has been constrained to the performance for a single type of power supply. It is of interest to consider now how different levels of ripple and changing load condition affect the locking performance. Recent work by Neculaes et al. [11] has indicated that there is scope for improving the intrinsic noise performance of CW magnetrons. The techniques suggested may well allow systems to be created with a substantially more robust locking performance at the to dB injection level.
